Alterations in Purkinje neuron firing often accompany ataxia, but the molecular basis for these changes is poorly understood. In a mouse model of spinocerebellar ataxia type 2 (SCA2), a progressive reduction in Purkinje neuron firing frequency accompanies cell atrophy. We investigated the basis for altered Purkinje neuron firing in SCA2. A reduction in the expression of large-conductance calcium-activated potassium (BK) channels and Kv3.3 voltage-gated potassium channels accompanies the inability of Purkinje neurons early in disease to maintain repetitive spiking. In association with prominent Purkinje neuron atrophy, repetitive spiking is restored, although at a greatly reduced firing frequency. In spite of a continued impairment in spike repolarization and a persistently reduced BK channel mediated afterhyperpolarization (AHP), repetitive spiking is maintained, through the increased activity of barium-sensitive potassium channels, most consistent with inwardly rectifying potassium (K ir ) channels. Increased activity of K ir channels results in the generation of a novel AHP not seen in wild-type Purkinje neurons that also accounts for the reduced firing frequency late in disease. Homeostatic changes in Purkinje neuron morphology that help to preserve repetitive spiking can also therefore have deleterious consequences for spike frequency. These results suggest that the basis for spiking abnormalities in SCA2 differ depending on disease stage, and interventions targeted towards correcting potassium channel dysfunction in ataxia need to be tailored to the specific stage in the degenerative process.
Introduction
Purkinje neurons exhibit autonomous firing in the absence of synaptic input (1) . The spontaneous firing of Purkinje neurons is normally extremely precise, with nearly uniform interspike interval duration (2) . Modulation of Purkinje neuron intrinsic firing by synaptic input shapes the precision of movement (3) (4) (5) . Disruption of Purkinje neuron spiking is associated with cerebellar ataxia (6, 7) . Spinocerebellar ataxias (SCAs) constitute a group of dominantly inherited neurodegenerative disorders with involvement of the cerebellum and its associated pathways (8) . Neuronal dysfunction precedes neuronal loss in mouse models of SCA. A shared pattern of neuronal dysfunction in different mouse models of SCA, includes a progressive reduction in cerebellar Purkinje neuron firing frequency. A reduction in Purkinje neuron firing frequency is seen in mouse models of SCA1 (9,10), SCA2 (11) , SCA3 (12) , SCA5 (13) , and SCA27 (14) . In a mouse model of SCA2 there is a correlation between reduced spike frequency, motor impairment and progressive thinning of the cerebellar molecular layer, a surrogate for Purkinje neuron dendritic atrophy (11) .
Autonomous spiking in Purkinje neurons relies on the interplay between a number of ion channels (1) . The depolarization during the upstroke of the action potential is mediated primarily by the voltage-gated sodium channel, Nav1.6. Action potential repolarization is mediated by voltage-gated potassium channels, including Kv3.3 (15) . Importantly, in order to maintain autonomous repetitive spiking, there is critical need for large conductance calcium-activated (BK) and small conductance calcium-activated (SK) potassium channels responsible for the afterhyperpolarization (AHP) (16) (17) (18) . Alterations in spiking in SCAs may be attributed to specific changes in ion channel expression and function. In a mouse model of SCA3, changes in firing were attributed to altered function of Kv1 potassium channels (12) . In SCA27 reduced function of the voltage-gated sodium channel, Nav1.6, is associated with the reduced Purkinje neuron firing (14) . In SCA1, these changes in firing are due to a reduction in expression and function of BK and G-protein coupled inwardly rectifying potassium (GIRK) channels (10) . Although changes in firing described in SCA1 are present in SCA2 Purkinje neurons (11) , the basis for these changes in firing remain unexplained.
Here we demonstrate that reduced expression of Kv3.3 and BK channels accompanies the reduction in firing frequency in SCA2 Purkinje neurons. In spite of reduced BK channel expression, BK channel function continues to be necessary for repetitive spiking. The reduced firing frequency at a disease stage when there is significant Purkinje neuron atrophy, is however, not directly due to reduced Kv3.3 and BK expression, but the development of a novel AHP with slow kinetics.
Results
Alterations in firing in cerebellar Purkinje neurons in the ATXN2[127Q] model of SCA2 result from a reduction in potassium channel transcripts
In the ATXN2[127Q] model of SCA2, a progressive reduction in cerebellar Purkinje neuron firing frequency occurs in association with dendritic degeneration (11) . At the outset of dendritic degeneration at 12 weeks, firing frequency is modestly reduced, but is markedly reduced by 24 weeks. Cell loss is not evident until 40 weeks (11) . The basis for the changes in Purkinje neuron firing in this model of SCA2 are not clear. We wished to determine the basis for changes in Purkinje neuron firing at 12 and 25 weeks, prior to the onset of significant cell loss. At 12 weeks, in cell attached recordings from cerebellar slices, wild-type Purkinje neurons uniformly exhibited repetitive spiking ( Fig. 1A  and C) . Surprisingly, over 55% of Purkinje neurons from ATXN2[127Q] littermates displayed no evidence of spiking ( Fig.  1B and C) . The $45% of ATXN2[127Q] neurons that did display repetitive spiking had a lower firing frequency (Fig. 1D) . The modest reduction in firing frequency is consistent with a prior study using extracellular cerebellar slice recordings in these mice (11) . In order to determine the basis for a lack of spiking, and an overall reduction in firing frequency ATXN2[127Q] Purkinje neurons, we performed whole-cell patch-clamp recordings. Wild-type neurons continued to display regular repetitive spiking (Fig. 1E) . Purkinje neurons from ATXN2[127Q] mice that did not display repetitive spiking in the cell attached configuration, also did not display repetitive spiking in the whole-cell configuration. These non-firing cells had a relatively depolarized membrane potential (Fig. 1F) .
In order to determine the basis for the lack of spiking in depolarized ATXN2[127Q] Purkinje neurons, in whole-cell configuration, cells were hyperpolarized to À90 mV, and depolarized with sequentially increasing current injection. ATXN2[127Q] Purkinje neurons were capable of generating spikes, but were unable to sustain spike trains for the duration of the step for more than a few current steps ( Fig. 2A) , unlike wild-type littermate controls that could sustain spike trains for entire duration of the current step with injected current (Fig.  2B) . With lower levels of injected current compared to wild-type neurons, action potentials trains in ATXN2[127Q] Purkinje neurons underwent a plateau potential (Fig. 2C) , consistent with depolarization block of repetitive spiking, a phenomenon we previously described in models of SCA1 (10) and SCA3 (12) . The three-fold lower threshold to depolarization block was only explained in part by $1.5-fold increase in input resistance in ATXN2[127Q] Purkinje neurons (Supplementary Material, Fig.  S1A and B). We therefore also examined characteristics of action potentials evoked from a negative holding potential of À90 mV in order to determine the basis for inability of Fig. S1E ). These data suggest a functional impairment in voltage-gated sodium channels, but do not explain either depolarization block of repetitive spiking or the depolarized membrane potential of ATXN2[127Q] Purkinje neurons. Since depolarization block of repetitive spiking is associated with reduced potassium channel function (10,12), we determined whether spike repolarization and the AHP, both mediated by potassium channels, were impaired. The amplitude of the AHP measured from the spike threshold ( Fig. 2D and E) as well as the maximal slope of the repolarization phase of the action potential (Fig. 2F) were significantly impaired. Since the action potential threshold is significantly more depolarized in ATXN2[127Q] Purkinje neurons, and this may confound the measurement of the AHP, the absolute value of the AHP from the peak was also measured (Fig. 2G) . The AHP was more depolarized in ATXN2[127Q] Purkinje neurons. We also measured the AHP and the time to the AHP minimum from the peak of the action potential, using short 10 ms depolarizing steps from À90 mV. The AHP amplitude was reduced, and the time to AHP minimum was similar in wild-type and ATXN2[127Q] Purkinje neurons ( Fig. 2H-J) . These data are consistent with impaired repolarizing potassium conductances in ATXN2[127Q] Purkinje neurons.
In order to determine the underlying molecular basis for these changes in potassium channel function, we looked at transcript levels of potassium channels important for Purkinje neuron spiking. Cerebellar RNA sequencing data from these mice (19) showed a reduction in transcript levels of BK channels (gene: Kcnma1), important for the AHP (18) as well as Kv3.3 (gene: Kcnc3) and Kv3.1 (gene: Kcnc1) channels, important for spike repolarization (15) (Fig. 3A) . Other potassium channels, including SK channels showed no reduction in transcript levels (not shown). Progressive changes in BK (Fig. 3B ) and Kv3.3 ( Fig. 3C ) expression were confirmed by quantitative RT-PCR from whole-cerebellar lysates. Immunostaining for BK channels, with an antibody that has been validated in knockout mice (20) confirmed a reduction in BK channel expression in ATXN2[127Q] Purkinje neurons (Fig. 3D-J) .
These data suggest that at 12 weeks, the reduction in firing frequency, and the loss of spiking in a subset of ATXN2[127Q] Purkinje neurons is associated with the reduction in expression and function of BK and Kv3 channels.
Preservation of spiking in 25-week atrophic ATXN2[127Q] Purkinje neurons is associated with a normal AHP amplitude Later in disease, at 25 weeks, ATXN2[127Q] Purkinje neurons undergo marked cell atrophy (11) . In order to confirm the previously reported reduction in Purkinje neuron firing frequency this stage in disease when there is marked Purkinje neuron dendritic degeneration, but no cell loss (11), we performed cell-attached recordings from 25-week-old ATXN2[127Q] Purkinje neurons. Wild-type neurons display repetitive firing ( Fig. 4A ) with a firing frequency that is similar to that seen at 12 weeks ( Fig. 4A and C) . 25-week-old ATXN2[127Q] Purkinje neurons uniformly exhibited repetitive spiking, but at a markedly reduced firing frequency ( Fig.  4B and C). In order to determine whether the reduced firing frequency in ATXN2[127Q] Purkinje neurons, was due to altered synaptic activity, we performed cell-attached recordings in the absence and then presence of 50 mM picrotoxin and 5 mM DNQX to block inhibitory and excitatory synaptic transmission. The firing frequency of ATXN2[127Q] Purkinje neurons was unchanged in the presence of synaptic inhibitors (18.7 6 7.0 Hz before, and 20.7 6 5.2 Hz in the presence of synaptic inhibitors, n ¼ 6, P ¼ 0.482), consistent with our prior studies suggesting that there is little tonic synaptic activity on Purkinje neurons in acute cerebellar slices (10, 12) . In order to determine the changes in intrinsic membrane excitability that accounts for the reduction in firing, we performed whole-cell recordings. Wild-type neurons continued to exhibit repetitive spiking ( 
Impairments of BK and Kv3.3 function continue to be present in 25-week atrophic ATXN2[127Q] Purkinje neurons
In SCA1 mice, in spite of a progressive reduction in BK channel transcript levels with cell atrophy, an increase in density of BK channels due to Purkinje neuron atrophy helps these channels maintain a normal AHP amplitude (10) . We wished to examine whether atrophy plays a similar homeostatic role to preserve BK and Kv3.3 channel function, in spite of reduced transcript levels, in ATXN2[127Q] mice. Although the amplitude of the AHP was similar in ATXN2[127Q] Purkinje neurons and littermate wild-type controls (Figs 4F and 5A), we wished to examine the component of the AHP mediated by BK channels. BK channels normally contribute maximally to the component of the AHP that closely follows, and is within 1 ms of the peak of the spike (so called "fast-AHP") (18) . In wild-type neurons the fast- Purkinje neurons, the fast-AHP amplitude was significantly reduced ( Fig. 5C and D) , in spite of a normal overall AHP amplitude ( Fig. 4F and 5A ). The AHP minimum in ATXN2[127Q] Purkinje neurons was also significantly delayed (Fig. 5E ), suggesting that it is generated by a current distinct from BK channels. Since the AHP is sensitive to calcium buffering, and expression of calbindin, a major calcium buffer in Purkinje neurons is reduced in ATXN2[127Q] Purkinje neurons (11) , measurement of the AHP at this age with the same calcium buffer as for wild-type mice may underestimate the function of BK channels. To address this possibility, patch-clamp recordings were performed in the cellattached followed by the whole-cell configuration. The firing frequency and regularity of spiking as represented by the coefficient of variation (CV) were indistinguishable between the whole-cell and cell-attached configuration (Frequency and CV cell attached: 9.3 6 1.9 Hz, 0.091 6 0.02; Frequency and CV whole cell: 12.3 6 2.4 Hz, 0.096 0.01, n ¼ 9), suggesting that in spite of a reduction in transcripts for calcium buffering proteins, buffering capacity is not significantly altered in 25- We wished to determine the molecular basis for the novel AHP associated with slowed firing frequency in ATXN2[127Q] Purkinje neurons. In order to first determine whether assumption of novel kinetic properties by BK channels could explain this AHP. The AHP in Purkinje neurons is normally mediated by calcium-activated potassium channels. In order to determine the role that BK channels play in spiking in 25-week-old ATXN2[127Q] Purkinje neurons, we first determined the role of BK channels in wild-type neurons using iberiotoxin, a selective BK channel inhibitor. Iberiotoxin increased the firing frequency of wild-type Purkinje neurons, without causing spiking irregularities or bursting (Fig. 6A-C) . In ATXN2[127Q] Purkinje neurons, surprisingly, Iberiotoxin caused irregular spiking with short bursts containing one to two spikelets (Fig. 6D-G) . Iberiotoxin increased the overall firing frequency (Fig. 6H ), but this effect disappeared when spikelets in doublets/spike bursts were excluded, so that the overall firing frequency was unchanged (Fig. 6I) . Since iberiotoxin insensitive BK channels are reported to contribute to the AHP (21), we also determined the effect of 10 lM paxilline, which blocks both iberiotoxinsensitive and insensitive BK currents (21) . The effect of paxilline on firing was similar to that of iberiotoxin, with regular firing converted into spike bursts. Also, similar to iberiotoxin, when doublets and spikelets in bursts were excluded, there was no significant change in firing frequency (n ¼ 5 cells, 25.2 6 9.2 Hz before paxilline, and 20.3 6 9.2 Hz following paxilline). These results suggest that in spite of the fact that BK channel transcripts and immunostaining is significantly reduced in ATXN2[127Q] Purkinje neurons, these neurons continue to depend on the BK channel mediated AHP to generate tonic, repetitive, regular spiking. The reduction in firing frequency and therefore the novel AHP in ATXN2[127Q] Purkinje neurons is not, however, mediated through BK channels.
The reduction in firing frequency in atrophic ATXN2[127Q] Purkinje neurons is secondary to a novel AHP generated by K ir channels
The other calcium-activated potassium channel normally involved in regulating spiking and the AHP in Purkinje neurons is the SK channel. Apamin, a selective SK channel inhibitor increased firing frequency by only $3 Hz in ATXN2[127Q] Purkinje neurons (Fig. 7A) . This suggested that the reduced firing frequency, and the novel AHP in ATXN2[127Q] Purkinje neurons is due to a potassium current that does not normally play a significant role in Purkinje neuron spiking. In our studies in a model of SCA1, barium-sensitive subthreshold-activated, inwardlyrectifying potassium (K ir ) channels play an important role in maintaining spiking in atrophic Purkinje neurons (10) . In order to determine whether K ir channels may be playing a role in regulating spiking in atrophic ATXN2[127Q] Purkinje neurons we used 50 lM extracellular barium, which is selective for K ir channels (22) (23) (24) (25) . Barium only had a modest effect on the firing frequency of wild-type neurons (Fig. 7B and D) . Remarkably, barium normalized firing frequency of 25-week-old atrophic ATXN2[127Q] Purkinje neurons ( Fig. 7C and D) . Corresponding to the changes in firing frequency, in wild-type Purkinje neurons, barium had only a modest effect on the AHP amplitude ( Fig. 7E and G) . Barium had a large effect on reducing the AHP amplitude in ATXN2[127Q] Purkinje neurons ( Fig. 7F and G) . Significantly, the barium sensitive current contributes to the entire duration of the AHP, so that the time to AHP minimum is not altered in the presence of barium (Fig. 7G) . No consistent changes were observed in K ir channel transcripts and transcript levels of GABA B receptors (26) , which indirectly activate K ir channels, are reduced, suggesting that the increased activity of K ir channels is not explained by alterations in the expression of these channels (Supplementary Material, Table  S1 ). These results suggest that increased activity of K ir channels is responsible for generating a novel AHP in atrophic ATXN2[127Q] Purkinje neurons, that causes a reduction in firing frequency.
Discussion
Purkinje neurons maintain repetitive spiking through the interplay of currents mediated by depolarizing voltage-gated sodium channels, and rapidly deactivating voltage-gated and calciumactivated potassium channels. The AHP, normally mediated by BK (16) and SK channels (16, 17) , also decays rapidly so that little potassium current is present in the interspike interval (1) . In other neurons, distinct potassium channels mediate an AHP with slower kinetics. For example, a potassium channel distinct from SK and BK channels, mediates a slow AHP in the interspike interval of cortical neurons that do not exhibit autonomous pacemaking (27) . K ir channels support repetitive spiking at a relatively low frequency in pacemaker nociceptive neurons in the spinal cord (28) . In ATXN2[127Q] Purkinje neurons, we demonstrate that in spite of a reduction in the BK channel mediated AHP, the overall amplitude of the AHP is maintained at a disease stage when there is significant Purkinje neuron atrophy.
The kinetics and pharmacology of this AHP is similar to that of slow-firing pacemakers such as spinal cord nociceptive neurons (28) . The exact mechanism for the generation of this novel barium sensitive AHP in ATXN2[127Q] Purkinje neurons is unclear, but may be secondary to the increased density of subthreshold activated potassium currents resulting from a reduction in cell size. The exact molecular identity of this subthreshold activated potassium channel is also unclear. Although both Kcnj (K ir channels) (22) (23) (24) (25) 29) and some Kcnk (K2P channels) (30, 31) are sensitive to external barium, K2P channels are an order of magnitude less sensitive to external barium (in the hundreds of lM) (30, 31) than Kcnj channels (< 50 lM) (22) (23) (24) (25) 29) . Since in our current study, 50 lM external barium had a profound effect on firing in ATXN2[127Q] Purkinje neurons, this is most consistent with a potassium current carried by K ir channels. The exact identity of the channel will be difficult to identify due to the lack of availability of specific pharmacologic agents for these channels. K ir channels are normally present in Purkinje neurons (10,32) but do not play a major role in controlling spike frequency or the AHP (1) . In this study, we too demonstrate that low doses of extracellular barium, selective for K ir channels (22) (23) (24) (25) , has a limited effect on firing frequency and the AHP in wild-type Purkinje neurons. In association with a reduction in Purkinje neuron size in SCA2, retained expression of subthreshold-activated potassium channels and correspondingly an increase in channel density, may allow for these channels to play an unusual role in generating the AHP. It is interesting to speculate as to whether the increase in density of these channels is a homeostatic response in Purkinje neurons to retain repetitive spiking when channels (BK and Kv3.3) that usually play this role are no longer able to do so. A reduction in cell size of Purkinje neurons due the degenerative process thus makes them resemble other pacemaker neurons in both size, and in utilizing K ir channels that are normally used by these other neurons for slower pacemaking. It is possible that a distinct repertoire of ion-channels is part of a cell-size associated program for pacemaking.
A reduction in Purkinje neuron firing frequency is a common feature of distinct ataxia causing channelopathies. Kv3.3 knockout mice, a model for SCA13 (33) , have reduced spontaneous firing due to decreased availability of voltage-gated sodium channel resurgent-current in the interspike interval (15) . Purkinje neurons in BK channel knockout mice also have reduced firing frequency secondary to reduced recovery of voltage-gated sodium channels from inactivation (18) . Neither of these mouse models of ataxia, however, have changes in Purkinje neuron size or neurodegeneration. At 12 weeks, when there is little Purkinje neuron atrophy, and there is a reduction in BK and Kv3.3 transcripts, the reduction in firing frequency and membrane depolarization in ATXN2[127Q] Purkinje neurons is likely due to the loss of membrane repolarization mediated by these channels, and thus the inability of voltage-gated sodium channels to recover from inactivation. Although reduced transcript levels of both Kv3.3 and BK are more profound in ATXN2[127Q] mice at 25 weeks, when there is marked Purkinje neuron atrophy, the reduced Purkinje neuron firing frequency is due to a mechanism distinct from changes in voltagegated sodium channel kinetics. Although there are functional consequences of reduced BK and Kv3.3 channels in Purkinje neuron spiking, atrophic SCA2 Purkinje neurons are able to hyperpolarize the membrane sufficiently through a novel K ir current mediated mechanism. In SCA1 mice, which also display reduced Purkinje neuron firing frequency, a reduction in BK and subthreshold-activated potassium channels contributes to Purkinje neuron atrophy. A reduction in Purkinje cell size in a mouse model of SCA1 is able to increase BK channel density, so that these channels not only continue to play a major role in repetitive spiking (10) , but also generate a normal amplitude fast AHP. Although changes in membrane excitability resulting from a reduction of Kv3.3 and BK channels may contribute similarly to Purkinje neuron atrophy in SCA2, cell atrophy does not increase the density of BK channels sufficiently in ATXN2[127Q] Purkinje neurons to enable BK channels to continue to generate a normal amplitude fast-AHP. Nevertheless, BK channels play an important role in enabling atrophic ATXN2[127Q] Purkinje neurons to maintain discrete spikes, and preventing spike doublets/bursts. The importance of BK channels in maintaining normal firing frequency in atrophic ATXN2[127Q] Purkinje neurons is however greatly diminished. The reduction in firing frequency in atrophic SCA2 Purkinje neurons is therefore independent of the reduced activity of BK and Kv3.3 channels.
Alterations in Purkinje neuron spiking are associated with motor dysfunction in a variety of mouse models of ataxia (6, 34) . Normalizing Purkinje neuron spiking is associated with improved motor function in mouse models (34, 35) . In these studies, the target for improvement in Purkinje neuron spiking has primarily been calcium-activated potassium channels (6, 35) . The utility of calcium-activated potassium channel activators in improving motor dysfunction is also established in a different model of SCA2, where there is not prominent Purkinje neuron atrophy (36) . The calcium-activated potassium channels, BK and SK, normally play a vital role in Purkinje neuron repetitive spiking, and disruption of calcium-activated potassium channel function results in ataxia (18, 37, 38) . In this study, we demonstrate that prior to substantial Purkinje neuron atrophy in SCA2, early in the disease process, there is a reduction of BK and Kv3.3 channel expression and function. In Purkinje neurons, since BK channel function is closely tied to calcium entry, the net effect of calcium entry is activation of calcium-activated potassium channels (1). We cannot therefore rule out the possibility that dysfunction of voltage-gated calcium channels, in addition to reduced BK channel transcripts, also contributes to reduced BK channel function. In any event, reduced BK and Kv3.3 channel function is associated with disrupted Purkinje neuron spiking and membrane depolarization in a fashion similar to mice with a knockout of the respective channels. With the onset of Purkinje neuron atrophy, however, although BK channels continue to play a role in supporting spiking, Purkinje neurons rely on K ir channels to maintain a normal AHP amplitude. Activating potassium channels at this stage of disease is likely to have either no effect on spiking, or a further slowing of firing frequency and would therefore likely either not improve, or worsen motor function. If a similar pattern of changes in Purkinje neuron physiology occurs in human cerebellar ataxia, it would be important to consider the stage in the disease process before considering potassium channel activators to treat motor symptoms.
Materials and Methods

Mice
All animal procedures were approved by the University of Michigan Committee on the Use and Care of Animals. The ATXN2[127Q] transgenic mice overexpress mutant human ATXN2 with 127 CAG repeats selectively in cerebellar Purkinje neurons under the Pcp2 (L7) promoter as described previously (11) . Hemizygous ATXN2[127Q] mice and wild-type littermate controls were used in all experiments. Mice used for these experiments were between 12 and 25 weeks old. Mice of both sexes were used for all experiments.
Immunofluorescence
Mice were anesthetized with isoflurane and brains were removed, fixed in 1% paraformaldehyde for 1 h, immersed in 30% sucrose in PBS and sectioned on a CM1850 cryostat (Leica). 14 lm parasagittal sections were processed for immunohistochemistry. Purkinje cells were labeled with anti-calbindin antibody (Swant 1:1000 (Marly, Switzerland), or Cell Signaling Technologies 1:200 (Danvers, MA)) and an appropriate secondary goat anti-mouse Alexa Fluor antibody (Life Technologies Molecular Probes, Grand Island, NY). Sections were imaged using a FV500 Olympus Confocal Microscope and single plane images were obtained. Measurements of molecular layer thickness were made for each section, 100 lm from the depth of the primary fissure as previously described (10) . Dual calbindin (rabbit, 1: 200, Cell signaling Technologies, Beverly, MA) and BK channel (1:500, Clone L6/60, mouse monoclonal antibodies were obtained from the UC Davis/NIH NeuroMab facility) immunostaining was performed. Measurement of staining intensity was performed in the cerebellar molecular layer. In order to eliminate selection bias, an area of strong calbindin staining was identified for each image, and the corresponding region was analysed for BK staining. Average staining intensity was measured in a circle of uniform area in each image. Approximately 30 images were analysed for each genotype at each time point.
The intensity values were averaged by age and genotype. Sample preparation was performed and images were obtained with experimenter blind to genotype.
